Background Studies published prior to 1980 failed to find an association between smoking and colorectal cancer, while subsequent studies reported an association after accounting for a three to four decade initiation period. The aims of this study were to determine the effect of accounting for secondhand smoke (SHS) exposure on the association between smoking and colorectal cancer and to determine the association between SHS and colorectal cancer. Methods Approximately 1,200 colorectal cancer cases treated at Roswell Park Cancer Institute between 1982 and 1998 were matched to 2,400 malignancy-free controls. The effect of accounting for SHS exposure was determined by comparing the odds ratios (OR) for each smoking variable in the overall sample and then for those who reported no current SHS exposure. Results A small, significant increase in colorectal cancer odds was noted for heavy, long-term smoking males when not accounting for SHS exposure ([45 PY: OR = 1.34; 95% CI 1.04-1.72). OR increased when the analyses were restricted to individuals reporting no current SHS exposure ([45 PY: OR = 2.40; 95% CI 1.36-4.23).
Introduction
Cigarette smoke contains over 50 known carcinogens, including colorectal carcinogens that reach the digestive tract through direct inhalation, the circulatory system, or direct contact with mucus brought up from the lungs and swallowed [1] [2] [3] [4] [5] . Epidemiological studies published before 1980 failed to detect any association between cigarette smoking and colorectal cancer (CRC) [6] [7] [8] [9] [10] [11] . Following the increased use of colonoscopy for CRC screening in the 1980s, several studies reported an increase in colorectal adenomas among heavy, long-term cigarette smokers [12] [13] [14] [15] [16] [17] . After this point, both case-control [18] [19] [20] [21] [22] [23] and cohort studies [13, 14, [24] [25] [26] [27] reported significant increases in colorectal cancer risk for individuals who reported having a smoking history of more than 30 years. The biological mechanism remains unclear but may be due to known colorectal carcinogens (tobacco-specific nitrosamines and heterocyclic amines) that are contained in cigarette smoke [28] [29] [30] . Despite the evidence demonstrating an association between colorectal cancer risk and a significant smoking history, the Surgeon General concluded in 2004 ''the evidence is suggestive but not sufficient to infer a causal relationship'' [31] .
The discrepancy in results between the early and more recent studies may be due to the failure of the early studies to adequately account for the long time lag between smoking exposure and time of risk [32] . Studies demonstrate that numerous decades must pass before an increase in risk for colorectal cancer from smoking can be observed; an increase in risk is rarely seen in those who smoked for less than 30 years [13, 14, 17] . Additionally, many studies may have suffered from exposure misclassification due to smoking deception or lack of control for secondhand smoke (SHS) exposure [33, 34] . Studies that do not account for SHS exposure may include a number of individuals who were exposed to cigarette smoke through SHS, creating a reference group that is not free of cigarette smoke exposure [33] . This has been previously demonstrated in the case of smoking and breast cancer. Early epidemiological studies examining the association between breast cancer and cigarette smoking found no clear association between the two despite the detection of smoking-specific damage in human breast tissue [35] . Recent evidence shows that when secondhand smoke exposure information was collected and controlled for, a more consistent increase in breast cancer risk from active smoking was observed [36] . Epidemiological studies have also shown that SHS exposure can be associated with organs that are not in direct contact with cigarette smoke, as in the case of SHS exposure and bladder cancer [37] [38] [39] . To date, only a few studies have examined the effect of secondhand smoke on colorectal cancer and reported mixed results [40] [41] [42] [43] [44] . We decided to investigate the potential association between SHS exposure and colorectal cancer based on the evidence from previous studies involving colorectal cancer and SHS, and additional studies from analogous cancer sites, such as the bladder.
Due to the lack of studies that have controlled for secondhand smoke exposure when examining the association between active smoking and colorectal cancer, we conducted a study investigating these associations. The aims of this study were to determine the effect of accounting for secondhand smoke (SHS) exposure on the association between smoking and colorectal cancer and to determine the association between SHS and colorectal cancer. Detailed information was available on active smoking history, secondhand smoke exposure, and other confounding variables from patients with colorectal cancer who presented for care at the Roswell Park Cancer Institute.
Materials and methods
The study population included men and women who received care at Roswell Park Cancer Institute (RPCI) between 1982 and 1998 and successfully completed an inclusive epidemiological questionnaire after providing informed consent. The case group consisted of 1,203 individuals ranging in age from 40 to 88 diagnosed with primary incident colorectal cancer identified from the RPCI tumor registry. Cases diagnosed prior to the age of 40 were excluded from the analyses due to the likelihood of an underlying genetic predisposition to colorectal cancer. The control group consisted of 2,406 individuals free of any neoplasm (excluding non-melanomatous skin cancer), who were randomly selected from a pool of 7,123 individuals who received care at RPCI during the same period, and ranged in age from 40 to 86. All potential controls were seen at RPCI with the suspicion of neoplastic disease but were not found to have benign or malignant tumors. In addition, potential controls receiving care at the gastrointestinal clinic for conditions associated with an increase in colorectal cancer risk (Crohn's disease and ulcerative colitis) were excluded. The majority of controls received care at the breast/gynecological clinic, dermatology clinic, genitourinary clinic, head and neck clinic, respiratory clinic, or sarcoma/melanoma clinic. Controls were frequency matched to cases on gender, 5-year age interval, and year of questionnaire completion at a 2:1 ratio.
Every patient who received care at RPCI between 1982 and 1998 was given the opportunity to complete the 16 page Patient Epidemiology Data System (PEDS) questionnaire. Participation in the survey was voluntary and not related to treatment; all patients were asked to complete the questionnaire and approximately 50% did so. The questionnaire covered information on family history of cancer, alcohol consumption, occupational and environmental exposures, reproductive and medical history, tobacco usage, secondhand tobacco smoke exposure, and diet. Diet was assessed using a food frequency questionnaire (FFQ) of 45 different foods, accounting for more than 90% of the variance of intake of major nutrients. For tobacco history, participants reported on their current smoking status, average amount smoked before their illness, number of years smoked, age at smoking initiation, and number of years since quitting. From these questions, the variable ''pack-years'' (amount smoked multiplied by years smoked) was calculated. All continuous variables were put into quartiles based on the distribution among controls. For secondhand smoke exposure, participants reported on the number of hours each day they were currently exposed to smoke of others in the (a) home, (b) work, and (c) other locations. The numbers of hours from all three categories were added to create a composite measure of total hours each day exposed to SHS.
Descriptive analyses included Student's t-test for continuous variables and a v 2 test for categorical variables. Odds ratios (OR) and 95% confidence intervals were calculated from unconditional logistic regression models. Covariates included age (continuous), sex, body mass index (BMI) (continuous), residence, race, education, income, family history, vegetable consumption (continuous), meat consumption (continuous), other tobacco use, alcohol use, and aspirin use. Model selection was performed in a stepwise, forward manner, adding covariates one at a time. In an effort to preserve statistical power, covariates were included only if they changed the observed odds ratio estimates by at least 10% or significantly contributed to explaining the variance in the statistical models. Two separate models were created for each exposure variable: (a) all colorectal cases and matched controls and (b) restricted to those who reported no secondhand smoke exposure. In all logistic regression models, lifetime neversmokers served as the reference group. Statistical significance was defined as p \ 0.05. Table 1 displays the characteristics of the cases and controls in regard to sociodemographic, lifestyle, and dietary variables. Cases and controls were similar in regard to age, gender, education, income, alcohol consumption, fruit consumption, and vegetable consumption. However, cases were significantly more likely to have a higher BMI, live outside Western New York (WNY), be non-Caucasian, have a relative previously diagnosed with CRC, consume less cruciferous vegetables, consume more meat, and take less aspirin.
Results
In data not shown, the odds ratios and 95% confidence intervals were calculated for the entire study population and those who reported no current exposure to SHS (0 h/ day). For the overall population, a borderline significant increase in odds was observed for those with more than 40 total pack-years of smoking (OR = 1.23; 95% CI 1.02-1.48) and more than 15 pack-years of smoking before age 30 (OR = 1.20; 95% CI 1.00-1.44). When the study population was restricted to those who did not report being exposed to SHS, odds ratios increased substantially. Smokers in the highest quartile of amount smoked, years smoked, pack-years, and pack-years prior to age 30 had significantly greater odds of colorectal cancer compared to never-smokers who were not exposed to secondhand smoke. Separate OR for colon cancer and rectal cancer were found to be similar and no interaction was noted between colorectal sub-sites (p interaction [ 0.10). Table 2 displays the odds ratios and corresponding confidence intervals for the entire female study population and for females who reported no current exposure to SHS (0 h/day). For the overall female population, no increase in colorectal cancer odds was noted for females with the Table 3 displays the odds ratios and corresponding confidence intervals for the entire male study population and for males who reported no current exposure to SHS (0 h/day). For the overall male population, a significant increase in colorectal cancer odds was observed for males who smoked more than 1 pack a day (OR = 1.48; 95% CI 1.15-1.90), smoked 46 or more pack-years (OR = 1.34; 95% CI 1.04-1.72), and smoked 20 or more pack-years before the age of 30 (OR = 1.37; 95% CI 1.07-1.75). Once again, odds ratios rose substantially when the analyses were restricted to males who reported no current exposure to secondhand smoke. Colorectal cancer odds for males who smoked more than 1 pack a day (OR = 2.02; 95% CI 1.22-3.36), smoked 46 or more pack-years (OR = 2.40; 95% CI 1.36-4.23), and smoked 20 or more pack-years (OR = 2.55; 95% CI 1.43-4.52) were more than double compared to never-smokers with no secondhand smoke exposure. In results not displayed, no interaction was noted between the colon and rectal sub-sites (p interaction [ 0.05). Figure 1 presents the colorectal cancer odds ratios for exposure to secondhand smoke among lifetime never smokers. No increase in odds was noted for the overall population (OR = 1.18; 95% CI 0.84-1.67) and for women (OR = 0.97; 95% CI 0.61-1.53) who were exposed to more than 7 h of secondhand smoke a day. Although a statistically significant trend was detected for men, the increase in odds for those who were exposed to more than 7 h of SHS a day was not significant (OR = 1.58; 95% CI 0.93-2.69).
Discussion
This study found that heavy, long-term cigarette smoking was associated with slightly increased odds of colorectal cancer for males but not females. Of particular importance, this study found the odds of colorectal cancer for smokers significantly increased when SHS exposure was accounted for in the exposure assessment. This is one of the first studies to demonstrate these findings. The results of this study are in agreement with several other studies that reported an increase in risk among individuals with decades of smoking exposure and which were conducted during a similar time period [18, [20] [21] [22] [23] , although not all studies conducted during this time period supported an association between smoking and colorectal cancer [45] [46] [47] [48] [49] . Our goal of restricting analyses to those who reported no current exposure to secondhand smoke was to create a reference group of lifetime never-smokers who were not exposed to the smoke of others. We believe this allowed for a more accurate assessment of cigarette smoke exposure among the reference group compared to studies that did not account for SHS, where there may be a higher degree of exposure misclassification. When this restriction was applied, odds ratios among every exposure category rose, similar to the observed association between cigarette smoking and breast cancer [36] . The increase in odds may be due to a reduction in exposure misclassification, in which the reference group was not exposed to any cigarette smoke, either through their own or others' behavior. We also tested the possibility of confounding, but SHS exposure was not associated with both the outcome and exposure. Because this is one of the first studies to control for secondhand smoke exposure, future studies should attempt to collect this information and control for it in statistical analyses. Although our results found no increase in the odds of colorectal cancer of never smoking females exposed to 7 or more hours a day of SHS, we observed a 58% nonsignificant increase in odds for never smoking males exposed to 7 or more hours of SHS each day. The lack of statistical significance may be due to a lack of statistical power; fewer than 40 never smoking male colorectal cancer cases reported being exposed to 7 or more hours a day of SHS. Additionally, the results from the small number of studies that examined the association between SHS and colorectal cancer risk were also mixed [40] [41] [42] [43] [44] . Our results were similar to several other studies [40, 41, 43] , but different from another study that found SHS exposure to be protective against colorectal cancer [42] and from another study that found SHS exposure to increase colorectal cancer risk in women only [44] . Based on the results of this study and others, further research is needed to determine the association between secondhand smoke exposure and colorectal cancer risk.
The increase in colorectal cancer odds was seen only in males in the highest exposure categories, which supports the hypothesis of a 30-to 40-year induction period to observe an increase in risk [32] . The biological mechanism underlying these observations remains unclear. Colorectal carcinogens specific to cigarette smoke and other smoke byproducts can reach the colon through direct inhalation, the circulatory system, or through direct exposure to tobacco carcinogens brought up from the lungs by the ciliated epithelial cells, swallowed and passed through the intestines [1] [2] [3] [4] [5] . Recent research demonstrates that chemicals in cigarette smoke can promote cellular proliferation in colorectal adenocarcinomas, accelerate tumor growth, and decrease apoptosis in the colon [50, 51] . However, not every study that accounted for the 30-40 year induction period reported an association between cigarette smoking and colorectal cancer [45] [46] [47] [48] , indicating other factors may play a role in the association of CRC and smoking. Many of the studies that were published subsequent to 1980 and reported null associations were conducted among European populations. In Europe, never-smokers are exposed to greater amounts of SHS than in the United States [52] [53] [54] [55] , perhaps creating a larger amount of exposure misclassification. This explanation is supported by a biological rationale, in which SHS contains a number of potent carcinogens [56] . SHS is a mixture of smoke exhaled by the smoker and smoke curling of the end of a cigarette [57] , and has a carcinogenic profile similar to that of smoke directly inhaled by active smokers [58] . However, it is logical to expect the risk for active smoking to be greater than the risk from SHS exposure due to the higher concentration of smoke exposure for an active smoking compared to passive smoking [57] . It is possible that a lack of SHS exposure assessment in these studies played a role in creating misclassification bias, contributing to the reported null associations.
It remains unclear why a significant association was observed for males but not females. The difference in results may be due to the lack of a large number of women with a heavy smoking history; approximately 20% of males had more than 40 pack-years of smoking compared to just 10% of women. The difference in odds of SHS exposure and colorectal cancer between men and women may be due to the fact that our SHS exposure assessment did not capture the critical time period of exposure or perhaps due to chance based on a small sub-sample.
Several methodological issues should be considered when the interpreting the results of this hospital-based case-control study. As with the large majority of casecontrol studies, bias may have played a role in the results. Approximately 50% of eligible patients seen at Roswell Park Cancer Institute completed the PEDS questionnaire. Unfortunately, there is no way to tell whether those individuals who refused to complete the instrument differed from participants with respect to smoking exposure. Others authors who have published manuscripts using the PEDS database and faced the same methodological issues have consistently replicated established epidemiological associations [59] [60] [61] . The use of hospital controls might introduce bias, due to the possibility that controls would have a higher smoking rate than the general population [62, 63] . If controls did have a higher rate of smoking, the odds ratios were most likely attenuated and the true odds may indeed be higher. Misclassification bias may be present, as participants were asked to recall their entire smoking history. However, there is no evidence the bias was differential in nature, and a non-differential bias would again attenuate the odds ratios. Lastly, SHS exposure was only assessed for the current time (when the questionnaire was completed) and not throughout adulthood. It is possible the assessment of current SHS exposure does not accurately represent SHS exposure throughout adulthood and most likely represents an underestimation of SHS exposure, as clean indoor air laws were enacted and the proportion of quitters increased over time.
Strengths of this study include a large number of male colorectal cancer cases with a significant smoking history. As previous publications have shown, an increase in risk is rarely observed for individuals who smoked for less than 30 years. Even though a large number of male cases had a significant smoking history, the number of females who smoked for more than 30 years was much lower. This number was further reduced when the analysis was restricted to those without secondhand smoke exposure. The low number of cases resulted in reduced statistical power, perhaps accounting for the lack of statistical significance for the increase in colorectal cancer odds among long-term, heavy smoking women not exposed to secondhand smoke. This study was able to control for a large number of potential confounding variables including alcohol consumption, BMI, vegetable consumption, meat consumption, aspirin use, family history, and other sociodemographic variables. The addition of covariates to logistic regression models had little effect on odds ratios. Lastly, another strength of this study was a detailed exposure assessment of active and passive smoking, which allowed for the calculation of numerous exposure measures in which to examine the association between smoking and colorectal cancer.
Conclusion
In summary, this hospital-based case-control study found a significant increase in colorectal cancer odds for long-term, heavy smoking males but not for females. When the sample was restricted to individuals not exposed to secondhand smoke, all odds ratios substantially increased. This is one of the first studies to account for secondhand smoke exposure in an effort to reduce potential misclassification bias. Future studies should collect information pertaining to secondhand smoke exposure and subsequently control for its effect. No effect was observed for colorectal cancer odds and secondhand smoke exposure among lifetime never smokers, although a statistical trend for increasing SHS exposure among males with CRC was found. Further research is needed to determine the effect of secondhand smoke exposure on colorectal cancer risk.
